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Mass balanceThe inadvertent ingestion of contaminated soil can be a major pathway for chemical exposure to humans. Few
studies to date have quantiﬁed soil ingestion rates to develop exposure estimates for human health risk assess-
ments (HHRA), and almost all of those were for children in suburban/urban environments. Here we employed a
quantitativemass balance tracer approach on a rural population practicing outdoor activities to estimate inadver-
tent soil ingestion. This study followed 9 subjects over a 13 day period in Cold Lake, Alberta, near the largest in
situ thermal heavy oil (bitumen) extraction operation in the world. The mean soil ingestion rate in this study
using Al Ce, La, and Si tracers was 32 mg d−1, with a 90th percentile of 152 mg d−1 and median soil ingestion
rate of 18 mg d−1. These soil ingestion values are greater than the standard recommended soil ingestion rates
for HHRA from Health Canada, and are similar to soil ingestion estimates found in the only other study on a
rural population.
© 2013 The Authors. Published by Elsevier B.V.Open access under CC BY-NC-ND license.1. Introduction
In North America there are over 60,000 contaminated sites, and
Canada alone has more than 22,000 sites that have been identiﬁed in
the Federal Contaminated Sites Inventory (White and Claxton, 2004).
Of these 22,000 sites in Canada, 51.9% contain contaminated soils, by
far the most impacted medium (Ofﬁce of the Auditor General of
Canada, 2012). Human health risk assessments (HHRA) are used to eval-
uate the potential hazards of soil at contaminated sites, and subsequent-
ly, to prioritize sites for remediation and rehabilitation. Assessment offax: +1 613 562 5486.
), jamiedoyle@sympatico.ca
is@uottawa.ca (J.M. Blais).
. Open access under CC BY-NC-ND liccontaminant exposure through inadvertent soil ingestion is a key part
of contaminated site HHRA, since ingestion is generally regarded as the
dominant pathway on contaminated sites for exposure to non-volatile
and semi-volatile contaminants (CCME, 2006).
Soil ingestion studies are designed to estimate the amount of soil a
population inadvertently ingests, and the values generated are employed
in HHRA. Early soil ingestion studies were qualitative or semi-
quantitative, and used observation and semi-quantitative analyses to
estimate soil ingestion rates in children based on the frequency of hand-
to-mouth contact and the amount of soil on a subject's hands (Day
et al., 1995; Duggan and Williams, 1977; Hawley, 1985; Kimbrough
et al., 1984; Lepow et al., 1974). Improved quantitative techniques that
were subsequently developed employed elemental tracers such as Al, Si,
and Ti, and mass balance analyses, to determine ingestion rate. However,
the concentrations of these tracers in a subject's feceswere assumed to be
determined by ingestion of soil particles, and elemental uptake via food
and other sources was not considered (Binder et al., 1986; Clausing
et al., 1987; Doyle et al., 2010). The resulting soil ingestion estimatesense.
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tiple g d−1. Later studies employed improved techniques that monitored
a suite of elemental tracers measured in both the soil near the
participant's dwelling or school, as well as in food. The most common
soil ingestion studies use mass balance of elemental tracers to determine
soil ingestion by measuring the concentration of the tracer in soil, and
subsequently in the food and feces of a series of subjects followed for a
set period of time (Calabrese et al., 1989, 1997; Davis et al., 1990).
There have been only a small number of these mass balance studies
conducted to date, andmost focused on children (Calabrese et al., 1989,
1997; Davis et al., 1990; Stanek and Calabrese, 1995; van Wijnen et al.,
1990). A few studies investigated adults (Calabrese et al., 1990; Davis
and Mirick, 2006; Doyle et al., 2012a; Stanek et al., 1997). These studies
focused primarily on individuals inhabiting suburban and urban areas;
consequently, the soil ingestion rate values obtained may not be repre-
sentative of aboriginal people practicing a rural or wilderness lifestyle
(Harper et al., 2007; Simon, 1998). These studies are summarized in
EPA (2011) and Doyle et al. (2010). The soil ingestion rates employed
by Health Canada for use in HHRA are 80 mg d−1 and 20 mg d−1 for
toddlers and adults, respectively, while the EPA uses 100 mg d−1 for
toddlers and 50 mg d−1 for adults (CCME, 2006; Health Canada,
2012; EPA, 2011).
A recent study by Doyle et al. (2012a) was the ﬁrst soil ingestion
study that investigated inhabitants of a wilderness area, and the ﬁrst to
quantify soil ingestion rate in First Nations people practicing awilderness
lifestyle. Doyle et al. (2012a) recently reported amean soil ingestion rate
of 75 mg d−1 (90th percentile of 193 mg d−1) for First Nations' people
in central British Columbiawhopractice a traditionalwilderness lifestyle.
This value is far less than the Harper et al. (2007) qualitative estimate of
400 mg d−1 that was recommended previously, but greater than rates
currently recommended by Health Canada and the US EPA.
Currently, there is a lot of speculation in the general media and
public sentiment about the contamination to the environment from
the Alberta oil sands, but research continues to send mixed messages
about the severity of contamination and whether metals and polycyclic
aromatic hydrocarbons (PAH) are rising as a result of extraction and
upgrading activities (Hall et al., 2012; Kelly et al., 2009, 2010; Kurek
et al., 2013;Wiklund et al., 2012).Many aboriginal people that live in Al-
berta and follow traditional lifestyles live or are active in close proximity
to oil sands operations (Government of Alberta, 2013). The current
Health Canada and US EPA soil ingestion rates used in HHRA estimates
may not adequately protect aboriginal people living in these regions
from elevated exposure.
This study employed a quantitative mass balance approach, based
on selected elemental tracers previously used by Doyle et al. (2012a),
to assess the soil ingestion rate in a First Nations' group practicing a tra-
ditional activities associated with a subsistence lifestyle. More speciﬁ-
cally, the study followed 9 subjects practicing traditional activities in
Cold Lake, Alberta, Canada over a 13 day study period. The purpose
was to determine if soil ingestion in a communitywith awilderness life-
style is greater than soil ingestion values used in HHRA. The Cold Lake
region is home to the largest in situ thermal heavy oil (bitumen) ex-
traction operation in the world, and contains contaminated soils
(Korosi et al., 2013). We hypothesize that soil ingestion rates in people
that practice traditional lifestyles is greater than current soil ingestion




The study was conducted near Cold Lake, Alberta, Canada, at a site
approximately 300 km northeast of Edmonton, Alberta near the
Alberta-Saskatchewan border. The Cold Lake region is one of the three
major oil sands regions of Alberta along with the Athabasca and PeaceRiver deposit. The region also contains the City of Cold Lake, with a pop-
ulation of approximately 14,000, the Canadian Forces Base Cold Lake,
and four native reserves of the Cold Lake First Nations. The aboriginal
people of the Cold Lake First Nations belong to the Dene Suline tribe,
whose traditional lands ranged from south of Bonnyville, Alberta to
the northernmost point at Peter Pond Lake, Saskatchewan. The area
has a humid continental climate, with a lower than average rainfall
compared to other Canadian cities, and contains many unpaved roads
that can contribute to airborne dust particles (Falerios et al., 1992;
Gómez et al., 2005; James et al., 2012). Local bedrock geology is predom-
inantly marine shale of the Lea Park Formation from the Upper Creta-
ceous (Prior et al., 2013) overlain by various ﬂuvial sediments and
glacio-ﬂuvial tills (Fenton and Andriashek, 1983).
2.2. Soil ingestion study design
The handling and analysis of fecal samples followed the methods
previously employed by Doyle et al. (2012a) for a soil ingestion study
of the Xeni Gwet'in First Nation in the Nemiah Valley of British
Columbia. A total of 10 adult volunteerswere followedover a 13 day pe-
riod from August 17 to August 30, 2012. Seven of the study participants
were members of Alberta aboriginal communities represented by the
same tribal council as Cold Lake First Nations, Tribal Chiefs Ventures In-
corporated. The other three participants were ﬁeld technicians from the
University of Ottawa. One participant voluntarily withdrew before the
study was completed, resulting in 9 subjects. Only one ﬁeld technician
was present for the entire duration of the study. The study was
conducted in August 2011 since the dry conditions common in the
late summer likely contribute to enhanced soil ingestion.
Prior to subject recruitment and study initiation, the study was
reviewed and approved by the research ethics boards of the University
of Ottawa and Health Canada. All participants were interviewed before
the commencement of the study and informed about the study objec-
tives, the study location, the nature of their participation, and the
handling of their personal information. Each participant signed consent
forms,whichwere pre-approved by both research ethics review boards.
This study used mass balance soil ingestion methods developed and
employed by Doyle et al. (2012a), which are based on methods
established by Calabrese et al. (1989, 1997). Soil ingestionmass balance
methods use elemental tracers that are relatively inert (i.e., little or no
gastro-intestinal tract absorption), ubiquitous in soils, and have low
food/soil ratios (i.e., low concentrations in food relative to soil). Tracers
meeting these requirements include Al, Ba, Ce, La, Mn, Si, Th, U, V, Y, and
Zr.
2.3. Daily activities
An outdoor base camp was established at English Bay (Fig. 1). All
participants remained at the base camp for the duration of the study,
and engaged in a variety of outdoor wilderness activities during the
day (e.g., ﬁshing, hunting, food gathering). Each participant slept in
their own tent and there was a separate tent and trailer setup for food
storage and preparation. All food was provided and prepared for study
participants, and the exact amount of food consumed by each partici-
pant was pre-weighed and carefully recorded. The activities varied
from day to day and all activities took place on the Cold Lake First
Nations reserves and surrounding region. Activities included hunting
and setting traps and snares on the reserve, ﬁshing and setting ﬁshing
nets in English Bay (Fig. 1), collection of medicinal plants on the reserve
and surrounding traditional lands, and collection of foods and spices
such as blueberries, bear berries, and mint. In accordance with the
law, hunting was carried out on the Cold Lake First Nations reserve by
participants possessing Indian status cards. Two individuals regularly
set traps and snares for rabbits, which were skinned and prepared for
meals. There was no attempt to inﬂuence the subjects' activities and
some of the elders involved in the study chose to remain at the camp
Fig. 1.Map of the Cold Lake region. Sampled soils are marked with a black square. The base camp is marked with a black triangle.
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was recorded. Other than being present at camp for breakfast and din-
ner, the participants were free to do as they pleased, with the exception
that theywere prohibited from consuming foods not provided as part of
the study.
2.4. Fecal collection
Fecal sampleswere collected fromeach participant fromDay 0 to Day
13. To make fecal sample collection as simple as possible, portable
commodes were setup at two enclosed locations at the base camp.
Each participantwas given pre-weighed and labeled sample bags (Fisher
Scientiﬁc autoclavable polypropylene biohazard sample bags, catalog
number 01-826-5). Inside each commode enclosure were plastic zip
ties and an ice packed cooler. After fecal collection, the participant sealed
their sample bag and placed it inside the cooler. Each evening, samples
were transferred to an off-site −20 °C freezer. For shipment, fecal
samples were stored in ice packed coolers and shipped via air transit.
Samples were kept in a dedicated sample freezer prior to processing
and analysis.
Fecal samples were processed inside a fume hood except when
being transferred from the freezer or to the mufﬂe furnace. Samples
were weighed, then dried at 90 °C for 72 h and reweighed to obtain
dry weights. Samples were then transferred to crucibles and ashed in
a mufﬂe furnace at 500 °C for 6 h and weighed to determine ashed
weight. Samples from the same individual for each day were combined
and placed into glass scintillation vials in preparation for analysis.
Ashed samples were analyzed by a commercial lab accredited by the
Canadian Association for Laboratory Accreditation to ISO/IEC 17025:
2005. Samples were analyzed for elemental tracers Al, Ba, Ce, La, Mn,Si, Th, Ti, U, V, Y, and Zr using EPA method 3052, which involves
microwave-assisted nitric acid and hydroﬂuoric acid digestion. Concen-
trations of elemental tracers with the exception of Si were analyzed
using inductively coupled plasma mass spectrometry. Si (%) was mea-
sured by sodium peroxide fusion and inductively coupled plasma optical
emission spectrometry.
2.5. Food collection
All food was provided from lunch on Day 0 to dinner on Day 13,
which included breakfast, lunch, dinner and snacks. Average weights
of food portions (e.g. meat slices, servings of vegetables) were deter-
mined before each meal and after each meal, and each participant was
debriefed to determine how many servings of each food item they had
consumed. The majority of foods consumed by participants for the
duration of the study were purchased from commercial suppliers in
the City of Cold Lake. All country foods harvested from study activities
was not prepared as meals with the exception of rabbit on Day 8 and
Day 9 and moose jerky on Day 10. Before the study began on Day 0,
each participant was given an initial brieﬁng and asked to report on
their activities and food consumption on the days leading up to the
start of the study.
Methods for the analyses of food samples were similar to those de-
scribed for fecal samples, except food samples were not dried prior to
being ashed.
All participants ate breakfasts and dinners together each day.
Lunches were prepared after breakfast and packed for each participant
before each participant departed for the day. Snackswere also provided.
Each participant was de-briefed a minimum of twice each day to record
howmany servings of each food item they had consumed at each meal
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calculations since fecal samples were not collected past Day 12. Water
was purchased in the City of Cold Lake.2.6. Soil collection
Soils were collected at 13 locations (Fig. 1) by removing vegetation
and collecting only the top superﬁcial soil layer into labeled WhirlPak™
bags, which were stored in a freezer at−20 °C until shipping to Ottawa
in an ice packed cooler. The collected soils correspond to areaswhere par-
ticipants of the study spent a signiﬁcant time during the day, and from the
base camp where participants slept and ate. Soils were air dried for
1 week, broken up lightly with a mortar and pestle, and sieved into mul-
tiple particle size fractions. Soil fractions b 63 μm were stored in glass
scintillation vials until analysis.2.7. Soil ingestion calculation
Daily soil ingestion rate values were calculated for each tracer using
b63 μm soils for each individual.









Sa soil ingested (g)
Fc concentration of tracer element in feces (μg/g)
Fa mass of feces (g)
Ic food concentration for tracer element (μg/g)
Ia mass of food ingested (g)
Sc concentration of tracer in soil (μg/g)
The daily soil ingestion ratewas calculated for each participant using
the food intake on Day 0 to Day 12 with the fecal output (Fc ∗ Fa) offset
by one day (e.g., food consumed on Day 3 and fecal output on Day 4).
Mass of food ingested (Ia) was determined by using the food logs and
the pre-weighed portion sizes, and Ic was derived from three sources:
analysis of the actual food items; tracer concentration values from the
study by Doyle et al. (2012a); and tracer concentration values of Al,
Ba, Mn, Th, and U from the Health Canada Total Diet Study (Health
Canada, 2011). Soil concentration (Sc) was the mean tracer level mea-
sured in the soils collected during the study. Transit time for element
tracers was assumed to be 24 h to be consistent with previous studies.Table 1
Soil concentrations of 12 elemental tracers examined at 12 sampling sites. Mean, standard
deviation, coefﬁcient of variation and sample size are shown for each elemental tracer
used to estimate soil ingestion rate. Soil concentrations are in μg g−1.
Soil Al Ba Ce La Mn Si Th Ti V U Y Zr
Mean 42,538 598 55 26 497 329,296 9 1879 51 2 13 130
SD 9623 98 16 7 155 28,164 4 422 16 1 4 40
CV (%) 7 16 30 28 31 9 44 22 32 27 31 31
n 13 13 13 13 13 9 13 13 13 13 13 132.8. Statistical analysis
All statistical analyses were conducted using Microsoft Excel™ or
IBM SPSS Statistics (IBM Software, Armonk, New York). In cases where
distributions were normal and variances across treatment groups
equal, an ordinary ANOVA with the Dunnett T3 post-hoc test was
employed. A Levene's test was used to test for unequal variance, and
the Shapiro–Wilk test used to test for normality. When only two
means were compared, the student t-test was used instead of ANOVA.
Non-normal distributions were compared using the Kruskal–Wallis
test or a Mann–Whitney U test. Bootstrapping used to determine the
bias-corrected and accelerated (BCa) upper and lower 95% conﬁdence
intervals. BCa corrects for skewness and bias as bootstrapping tends to
create symmetrical distributions even when the original dataset is not
symmetrically-distributed (Diciccio and Romano, 1988). An alpha
level of 0.05 was chosen to determine signiﬁcance.3. Results
3.1. Soil
Twelve elemental tracers were analyzed in samples collected from
thirteen sampling sites. The variation in elemental soil tracers used to
calculate soil ingestion rate was not large, with CV values ranging
from 7% to 44% (Table 1). Al had the smallest variation with a CV of
7%, and Si had the second smallest variation with a CV of 9%. The largest
soil CV value of 44% was obtained for Th.
3.2. Fecal samples
Fecal sample collection was intermittent throughout the study.
Participants were encouraged to provide samples each day, but some
participants did not provide a daily sample (Table 2). The intra-subject
variability in fecal dry weight was low for all participants, with the
exception of I and J (Table 3). Subjects I and J were ﬁeld technicians
that did not participate for the entire 13-day period of the study. Subject
I gave only 2 daily samples, had the smallest CV of 20% and subject J has
amuch larger CV of 88%. After removing subject C from the analysis, the
average daily fecal dry weight and the daily fecal weight standard
deviation of participants trended downwards over the study duration.
Although regression analysis shows this trend was not statistically sig-
niﬁcant (F(1, 11) = 2.07, p = 0.18), it could suggest the similar diets
may result in similar fecal dry weights.
3.3. Food samples
The suitability of each tracer for ingestion rate determination was
evaluated for each of the elements examined. Those elements that
showed a low food to soil (F/S) ratio and low CV (%) in food were
regarded as reliable for ingestion rate determination.
The daily tracer intake through food (Table 4) varied depending on
the elemental tracer, but the CVs were reasonably consistent ranging
from 42% to 64%.Mn is an exception, with an 86% CV daily tracer intake;
however,Mn has a high F/S ratio in relative to other elemental tracers in
this study and as a result is regarded as an unreliable elemental soil
tracer (Table 4). Ba also had a relatively high CV. The small F/S ratio
for Ba makes it seem like a suitable tracer, however, the high CV of
140%, combined with a very high SD for the Ba-determined soil inges-
tion rate (Table 5) suggest that it is not a reliable tracer.
The F/S ratios ranged from0.02 for Ba to 8.43 forMn. A small F/S ratio
is generally regarded as an indication that the tracer is more reliable for
soil ingestion determination due to its near absence in food (Calabrese
and Stanek, 1993; Stanek and Calabrese, 1991).
The aforementioned tracers with the lowest F/S ratio (i.e., Al, Ce, La,
and Si), with the exception of Ba, were considered reliable tracers for
this study, and used for soil ingestion rate calculations. The F/S ratios
for these elements were 0.08, 0.07, 0.07, and 0.10, respectively.
Although Ce and La have lower F/S ratios, Al and Si were selected as
the most reliable tracers for this study because of their much higher
soil concentration and this is consistent with previous works
(Calabrese et al., 1989, 1997; Davis et al., 1990; Doyle et al., 2012a;
Stanek and Calabrese, 1991; Stanek et al., 2001). Furthermore, a recent
Table 2
Daysmarkedwith an X indicate that the subject provided a fecal sample. Note that subject
I left the study on Day 3 when subject J arrived. Subjects H, I, and J were ﬁeld technicians.
Day Subject
A B C D E F H I J
0 X X X X X
1 X X X X X X X
2 X X X X X X X
3 X X X X X X X X
4 X X X X X X
5 X X X X X X
6 X X X X X X
7 X X X X X X X X
8 X X X X X X X X
9 X X X X X X X
10 X X X X X X X
11 X X X X X X
12 X X X X X X X
13 X X X X X X X
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noted that Al and Si are the most consistently reliable tracers and rec-
ommended their use in future soil ingestion studies.
3.4. Soil ingestion estimates
The calculated soil ingestion rates range (Table 5) from a mean of
−378 mg d−1 for Th, to 3215 mg d−1 for Ti. Similarly, the medians
range from a low of −390 mg d−1 for Th to a high of 1034 mg d−1
for Mn. For reasons discussed in a later section, the majority of
these values are likely not indicative of actual soil ingestion rates
for the study participants. In comparison, the calculated ingestion
rates for the four tracers considered most reliable (i.e., Al, Ce, La,
and Si) revealed mean soil ingestion rates over the study duration
of 33 mg d−1, 9 mg d−1, 10 mg d−1, and 65 mg d−1, respectively,
and median rates of 7 mg d−1, −4 mg d−1, −2 mg d−1, and
37 mg d−1, respectively. As noted, these tracers are generally regarded
as the most reliable because of their low F/S ratio; moreover, previous
studies have generally regarded Al and Si as tracers that provide the
most consistent results. Soil concentrations of Al and Si in this study
showed low CV (Table 1). In addition, the soil concentrations of Al
and Si are far greater than other tracers such as Ce and La.
The mean soil ingestion rates show substantial inter-subject vari-
ability (Table 6), however, there were no signiﬁcant differences be-
tween the mean soil ingestion rates for Al (Welch ANOVA p = 0.63)
or Si (Welch ANOVA p = 0.29). Subject B consistently yielded a nega-
tive mean soil ingestion rate for all 4 of the reliable tracers, and almost
all tracers examined. All other subjects with the exception of subject I,
who participated for only 3 days and provided only 2 fecal samples,
had positive soil ingestion rates for the 4 most reliable tracers. Soil
ingestion rates were not lognormal, so bootstrapping statistics basedTable 3
Fecal dryweight values are shown for each study participant.Mean, standarddeviation, CV
(%), median, lower and upper 95% conﬁdence intervals and sample size (n) are given for
each subject over the study duration.
Dry weight (g)
Subject n Mean Standard deviation CV (%) Median Lower 95% Upper 95%
A 13 27.3 13.3 49 27.3 19.9 40.4
B 10 32.1 13.9 43 36.5 18.9 44.2
C 5 99.5 60.0 60 78.4 15.4 56.9
D 13 27.2 16.9 62 21.8 19.9 40.4
E 13 50.8 16.0 31 49.3 19.9 40.4
F 13 49.3 15.9 32 48.2 19.9 40.4
H 11 46.4 21.9 47 40.9 19.3 42.7
I 2 27.2 5.5 20 27.2 8.5 82.3
J 7 21.2 18.6 88 11.8 17.2 50.2on 5000 replicates were used to determine upper and lower limit 95%
conﬁdence intervals. The bootstrapped, BCa upper and lower 95% conﬁ-
dence intervals (Table 5) are similar to untransformed upper and lower
95% conﬁdence intervals (not shown), varying by approximately 1 to
5 mg d−1 for Al, Ce, La, and Si.
Data were not normally distributed, and the differences between
sample variances were large. A Levene's homogeneity of variance test
found variances to be signiﬁcantly different between the four tracers
Al, Ce, La, and Si (Levene, F(3,348) = 4.748 p = 0.003). The soil ingestion
rate sample means were different between Ce and Si (Welch ANOVA,
Dunnett T3, p = 0.018), and La and Si (Welch ANOVA, Dunnett T3,
p = 0.021), the sample means between Al and Si were not signiﬁcantly
different (Welch ANOVA, Dunnett T3, p = 0.67) (Fig. 2). Additionally,
there were no differences between sample means of Al and Ce (Welch
ANOVA, Dunnett T3, p = 0.36), and Al and La (Welch ANOVA, Dunnett
T3, p = 0.40). The mean soil ingestion rate for Si was signiﬁcantly
higher than Ce, and signiﬁcantly higher than La, but there were no
signiﬁcant differences between the other three tracers. There was no
signiﬁcant difference between Al, Ce, La, and Si (Kruskal–Wallis p =
0.074). The average ingestion rate for the four most reliable tracers, Al,
Ce, La, and Si, was normally distributed (Shapiro–Wilk W = 0.99,
p = 0.65) following a natural log transformation. Additionally, Si was
also found to be normally distributed (Shapiro–Wilk W = 0.99, p =
0.71) after the same transformation.
The soil ingestion study was arbitrarily separated into two weeks to
determine if soil ingestion rate was affected by the participant's famil-
iarity with the study's requirements. The week 1 mean was 36 ±
85 mg d−1 for the 4 most reliable tracers and the week 2 mean was
29 ± 92 mg d−1. The data was not normally distributed, nevertheless
the analyses conducted failed to reveal any signiﬁcant differences
between the ﬁrst and second half of the study (Mann–Whitney U =
845, p = 0.44).
Participants were separated into their daily activities to determine if
activity type affected soil ingestion rate. No trends were found between
expected higher soil contact activities such as attending a rodeo, gather-
ing, or hunting and remaining at camp for the day.
4. Discussion
This study was designed to assess the soil ingestion rate for a group
of First Nations people inhabiting awilderness area and engaging in tra-
ditional activities associated with a subsistence lifestyle. In some
respects it is similar to the recent study of the Xeni Gwet'in First Nation
published by Doyle et al. (2012a). This work extends and improves on
thework conducted by Doyle et al. (2012a), and some earlier soil inges-
tion studies, by extending the period of subject observation to 13
uninterrupted days, including a greater number of participants, by spe-
ciﬁcally controlling food consumption over the duration of the study,
and lastly, by including foods speciﬁcally chosen for their low content
of the elemental tracers of interest, particularly Al and Si.
Although the differences between the average soil ingestion rates
from this study (i.e., 36 ± 112 mg d−1 for Al and 68 ± 151 mg d−1
for Si) and Health Canada's recommended soil ingestion rate values
for adults of 20 mg d−1 or the analogous US EPA value of 50 mg d−1
are much smaller than the predicted 400 mg d−1 rate by Harper et al.
(2007), the 95th percentile ingestion rate values for Al and Si are 268
and 361 mg d−1, respectively. The 95th percentile value for Si is greater
than the 95th percentile value of 330 mg d−1 from studies used to in-
form the Health Canada and US EPA soil ingestion rates (Health
Canada, 2012; EPA, 2011;Wilson Scientiﬁc Consulting Inc. andMeridian
Environmental Inc., 2006). Thus, the results from this study, as well as
the previous work by Doyle et al. (2012a), suggest that soil
ingestion rates currently used in HHRAmay be too low for some popu-
lations; moreover, some individuals in a population may not be ade-
quately protected using HHRA guidelines advocated in Canada, the
USA, and other developed countries around the world (EPA, 2011).
Table 4
Summary of daily tracer intake, fecal dry weight, and food/soil ratio for each of the 12 elemental tracers examined. Mean, standard deviation, CV (%), median, lower and upper 95% con-
ﬁdence intervals and sample size (n) are given for each subject over the study duration.
Al Ba Ce La Mn Si Th Ti V U Y Zr
Daily tracer intake (food)
Mean (μg d−1) 3546 842 3.98 1.92 4187 32,898 4.85 272 18.6 1.06 1.82 19.6
SD 1878 750 2.20 0.98 3607 15,216 2.84 131 7.91 0.48 1.08 12.6
CV (%) 53 89 55 51 86 46 59 48 42 46 59 64
n 108 108 108 108 108 108 108 108 108 108 108 108
Fecal
Mean (μg g−1) 1205 277 1.17 0.56 1304 10,390 0.44 1292 2.47 0.37 0.43 4.78
SD 749 130 0.55 0.26 572 6525 0.55 1695 1.20 0.15 0.20 4.35
CV (%) 62 47 47 46 44 63 127 131 49 42 48 91
n 87 87 87 87 87 74 87 87 87 87 87 87
Food/soil ratio
Mean 0.08 0.02 0.07 0.07 8.43 0.10 0.53 0.14 0.37 0.56 0.14 0.15
SD 0.04 0.03 0.04 0.04 7.27 0.05 0.31 0.07 0.16 0.26 0.08 0.10
CV (%) 53 140 55 51 86 46 59 48 42 46 59 64
n 108 108 108 108 108 108 108 108 108 108 108 108
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study is greater than the currently recommended ingestion rate value, it
is still below the estimate of Harper et al. (2007), which suggested that
First Nationspeople ingest 400 mg d−1. The soil ingestion rates are sim-
ilar to the recommended ingestion rate for construction workers (i.e.,
330 mg d−1) who are regularly engaged in high soil contact activities
and would be necessary to protect the vast majority of a population
(EPA, 2011).
Comparisons between soil ingestion studies are shown in Table 7. The
present study doubled the number of soil ingestion estimates from 43 to
87. Themean ingestion rate for the 4most reliable tracers obtained in this
study (i.e., 32 mg d−1) is signiﬁcantly lower than the analogous value
from Doyle et al. (2012a) using an independent sample 2-tailed t-test (t
(128, 0.05) = −2.663, p = 0.009). Both studies appear to have similar
daily soil ingestion rates for Al, with mean values of 37 mg d−1 for the
Doyle et al. (2012a) study and 36 mg d−1 for the current study; however,
non-parametric statistical tests still found signiﬁcant differences between
these values, likely attributable to the higher soil ingestion rate variation
in this current study (Mann–Whitney U = 1471, p =0.048). The differ-
ences between the Al soil ingestion rates aremore apparent with theme-
dian values. The Al soil ingestion rate median was 7 mg d−1 in the
present study, and Doyle et al. (2012a) reported 31 mg d−1, similar to
the mean Al value for that study. The present study found a 68 mg d−1
mean Si soil ingestion rate, whereas Doyle et al. (2012a) reported a
mean of 49 mg d−1 for Si. The difference between the Si soil ingestion
rates was not signiﬁcant (t (94, 0.05) =−0.71, p = 0.94). The median
ingestion rate values for Si in both studies were similar; 40 and
37 mg d−1 for the Doyle et al. (2012a) study and the current study,
respectively. Furthermore, the 90th percentile soil ingestion rates
were similar for the two studies, with means of 152, 161, and
236 mg d−1 in this study for the four most reliable tracers (i.e., Al,Table 5
Summary of soil ingestion rates calculated for each of the 12 elemental tracers examined. Soil
Al Ba Ce La Mn
Mean 36 318 12 12 1998
Standard deviation 117 1662 72 78 10,107
Standard error 12 176 8 8 1071
Median 7 467 −4 −2 1034
90th percentile 165 1744 111 97 11,555
95th percentile 268 2405 132 156 18,226
Upper 95% CIa 65 650 29 32 4075
Lower 95% CIa 15 −26 −1 −1 −164
n 87 87 87 87 87
a Upper and lower 95% conﬁdence intervals are bootstrapped conﬁdence intervals with 500Ce, La, Si), Al, and Si, respectively, compared with 193, 110, and
145 mg d−1 for Doyle et al. (2012a). Although the 90th percentile
ingestion rates are similar for the two studies, both studies showed
that average values are quite different than the 90th percentile,
which are between 100 mg d−1 and greater than 200 mg d−1.
Previous mass balance soil ingestion studies have reported a wide
range of soil ingestion rates. Calabrese et al. (1989) measured daily
soil ingestion rates in toddlers of 1 to 4 years old, reportingmean values
of 153 ± 852 mg d−1 and 154 ± 693 mg d−1 for Al and Si, respective-
ly. Davis et al. (1990) conducted a study of children aged 2 to 7 years
old, and reported soil ingestion rates 39 ± 145 mg d−1 and 82 ±
122 mg d−1, for Al and Si, respectively. The best tracer methodology
(BTM) was ﬁrst advocated by Calabrese et al. (1997), where BTM is
the median of the four tracers with the lowest F/S ratio (Stanek and
Calabrese, 1995). This study that ﬁrst employed the BTM followed
64 toddler participants aged 1 to 4 years old and reported a soil inges-
tion rate of 7 ± 76 mg d−1 for the BTM, 3 ± 96 mg d−1 for Al, and
−16.5 ± 57 mg d−1 for Si (Calabrese et al., 1997). These studies of
children, aswell as the adult studies discussed below,were all conducted
on suburban or urban populations.
Published adult soil ingestion studies report mean daily soil inges-
tion rates in the same range as the studies of children. The ﬁrstmass bal-
ance adult study by Calabrese et al. (1990), a pilot study to validate the
methods employed the children study by Calabrese et al. (1989),
followed six adult participants and reported mean soil ingestion rates
of 77 ± 65 and 5 ± 55 mg d−1 for Al and Si, respectively. Similar to
the previous study, the soil ingestion study by Stanek et al. (1997)
was also a validation study that assessed soil ingestion in 10 adults to
evaluate methods for the soil ingestion study of children by Calabrese
et al. (1997). Adults were given capsules of known amounts of soils
that were subtracted to determine soil ingestion rates. The reportedingestion rate is expressed as mg d−1.
Si Th Ti V U Y Zr
68 −378 3215 −183 196 −7 19
152 461 5622 238 626 145 407
16 49 597 25 66 15 43
37 −390 759 −185 143 −17 −30
231 109 9325 111 1032 159 211
361 217 16,459 169 1226 230 301
104 −283 4662 −129 328 27 196
40 −479 2242 −230 69 −34 −34
87 87 87 87 87 87 87
0 bootstrapped replicates.
Table 6
Soil ingestion rate values calculated for each participant. Mean, standard deviation (SD), median, and sample size are given for each participant over the study duration. Soil ingestion rate
is expressed as mg d−1.
Subject Al Ba Ce La Mn Si Th Ti V U Y Zr
A 18 384 19 16 2346 119 −244 5314 −197 117 16 64
B −47 −1005 −41 −42 −2820 −19 −790 163 −400 −295 −157 −38
C 152 485 82 92 6665 267 −725 13,574 −352 260 78 616
D 32 37 −2 −1 −1697 3 −195 839 −185 −103 −60 −57
E 55 8 −8 0 −875 61 −544 1861 −179 290 27 −109
F 32 394 34 25 10,137 58 −406 2343 −252 166 25 −13
H 60 631 13 11 4714 72 −111 5055 −30 582 −15 −30
I −11 620 −9 −7 1408 87 −349 443 45 54 −34 −38
J 6 1759 10 13 −7612 25 −307 719 −86 601 1 −12
Mean 33 368 11 12 1363 75 −408 3368 −182 186 −13 43
SD 55 725 34 36 5359 84 234 4277 144 292 67 220
Median 32 394 10 11 1408 61 −349 1861 −185 166 1 −30
n 9 9 9 9 9 9 9 9 9 9 9 9
144 G. Irvine et al. / Science of the Total Environment 470–471 (2014) 138–146values, 6 ± 165 for BTM, 12 ± 31 for Al, and−20 ± 37 mg d−1 for Si,
are generally lower than values published earlier by this group. The
study by Davis and Mirick (2006) was the ﬁrst study that looked at soil
ingestion in both the parents and children of the same family simulta-
neously. They followed 19 families that included a mother, a father,
and one child for 11 days, and the means for the children were 37 ±
35 mg d−1 for Al and 38 ± 31 mg d−1 for Si. The average ingestion
rates for the fathers were 68 ± 130 for Al and 26 ± 49 mg d−1 for Si.
The average ingestion rates for the mothers were 92 ± 218 mg d−1
for Al and 23 ±37 mg d−1 for Si.
The aforementioned studies have collectively contributed to a con-
tinual improvement in the methods employed to assess soil ingestion
rate, and themore recent studies show reduced variability in soil inges-
tion estimates as indicated by a reduction in standard deviations (SD) in
comparisonwith earlier studies. For example, the SD for theAl ingestion
rate was 852 in Calabrese et al. (1989), compared with 96 in Calabrese
et al. (1997). Apart from lower SD, the more recent studies also have
lower mean soil ingestion rates than the early mass balance studies.
There were 12 different elemental tracers measured in this study to
calculate soil ingestion rates. The extreme values of soil ingestion rates




















Fig. 2. Box plot of daily soil ingestion rates determined using the fourmost reliable tracers.
The box limits encompass the interquartile range (i.e., 25th to 75th percentile) with the
whiskers indicating the 5th and 95th percentiles, and the central line in the box indicates
themedian. The symbols beyond the whiskers can be regarded as outliers. Welch ANOVA
showed signiﬁcant differences between the tracers (p = 0.008). Boxes accompanied by
the same letter are not signiﬁcantly different at p = 0.05.with a mean of−378 mg d−1 are unlikely to be accurate soil ingestion
experienced by participants in the study. Th has a much higher F/S ratio
of 0.53 and very low soil concentrations. This indicates that most of the
Th ingested is from tracers in food and not soil. Transit time error is
likely to explain the very low soil ingestion rate calculated, transit
time error will increase with higher F/S ratios (Doyle et al., 2010). The
very high soil ingestion rate for Ti is likely the result of other sources
of Ti besides food or soil, evidenced by the large SD and SE (Table 5).
Ti is a common additive to consumer products and it is likely many par-
ticipants absorbed or ingested Ti through sunscreen, lotions, foods, and
toothpastes (Weir et al., 2012). Other tracers with lower F/S ratios such
as Ymay be useful in soil ingestion studies, but the higher F/S ratio com-
pared to the four chosen tracers (Al, Ce, La, and Si) indicate that in this
region it would not be as accurate as the four chosen tracers with
lower F/S ratios.
The soil ingestion rate variance reported in our study is similar to
several of the previous soil ingestion studies summarized above, but
greater than that noted in Doyle et al. (2012a) for both Al (Levene's
test F = 7.93, p = 0.006) and Si (Levene's test F = 10.8, p = 0.001).
Unlike the Doyle et al. (2012a) study, the participants in the current
study did not provide a fecal sample for each day of the study
(Table 2); nevertheless, all participants reported not defecating on
those missed days.
Although it is unlikely that amount of soil contact associated with
the activities in the current study was constant across the activities,
most of the activities can be considered medium soil contact activities
and would be common in a wilderness setting. The type of traditional
activity did not appear to have an effect on soil ingestion rate deter-
mined in this study, as participants who attended rodeos, a high soilTable 7
Comparisons of the soil ingestion rates determined in this study with those published by
Doyle et al. (2012a). The Doyle et al. (2012a) study examined First Nations inhabitants
of in the Nemiah Valley in central British Columbia. Number of fecal samples (n1) and
number of participants (n2) are presented.





Doyle et al. (2012a)
Al, Ce, La, Si 43 7 74 91 60 193
Al, Si 43 7 43 53 38 104
Al 43 7 37 52 31 110
Si 30 7 49 74 40 145
Current study
Al, Ce, La, Si 87 9 32 88 18 152
Al, Si 87 9 52 119 37 220
Al 87 9 36 117 7 161
Si 87 9 68 152 37 231
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who remained at camp for the day. The current study could not detect
a signiﬁcant difference between soil ingestion rate and activity type,
power analysis indicates that a minimum of 19 subjects would be
required to detect a difference of 24 mg d−1 at an alpha value of 0.05
(Doyle et al., 2012a). The participants' activities in the current study dif-
fer from activities that are typical of a suburban or urban community.
Thus, it is also reasonable that inadvertent soil ingestion rates from pre-
vious urban/suburban studies would not be representative of soil inges-
tion in a First Nations community where a wilderness, subsistence
lifestyle is common (Calabrese et al., 1989, 1990, 1997; Davis and
Mirick, 2006; Davis et al., 1990; Stanek et al., 1997). Indeed, the soil in-
gestion mean values determined in this study for aboriginal people
leading traditional lifestyles in the Cold Lake region and the earlier
study by Doyle et al. (2012a) are greater than reported mean values
from previous soil ingestion studies used by Wilson Scientiﬁc
Consulting Inc. and Meridian Environmental Inc. (2006) to recommend
Health Canada's risk assessment guidelines. It should be noted that this
study did not examine ingestion of soil via traditionally prepared foods.
Some foods eaten during the study were caught/harvested and pre-
pared by the study participants, and soil adherence to traditional
foods was not measured.
The studies by Doyle et al. (2012a, 2012b), Davis and Mirick (2006),
andStanek andCalabrese (1991) summarize the assumptions employed
for mass balance tracer determination of soil ingestion rates. It is gener-
ally agreed that effective tracers are (1) low in food or water, and (2)
high in soil, and (3) have low absorption in the gastrointestinal tract
(Stanek and Calabrese, 1991). Moreover, accurate determination of soil
ingestion rate requires a one to one correspondence between tracer
ingestion and fecal output. Unfortunately, inter- and intra-subject vari-
ability in the daily ratio between tracer intake and tracer excretion con-
tribute to daily variations in calculated ingestion rates. Additionally, all
studies assume that the time it takes for a tracer to travel through the
body, or tracer transit time, is 24 h; however, this value also varies
across time and subject, and can depend on a number of factors
such as age, diet and gender (Doyle et al., 2012a, 2012b; Stanek and
Calabrese, 1991; Madsen and Jensen, 1989). Madsen and Jensen (1989)
found a mean transit time of 28.5 h, which is the summation of the
mean transit times for each section of the gastro-intestinal system. A
24 hour transit time allows fecal samples to be collected on a daily
basis for determination of daily soil ingestion rates. Previous studies gen-
erally collected samples from participants followed for only a few days
and errors introduced bywhat is referred to as transit timemisalignment
can be large. However, as the duration of a study increases, the food
tracer intake should balance with the fecal tracer output (Stanek and
Calabrese, 1991). Thus, the current study beneﬁted from an extended
duration as well as from a dietary control. The meals provided included
foods speciﬁcally highlighted by Doyle et al. (2012a) as low in Al and Si
(i.e., freshmeats, fruits, and vegetables). Processed foods were avoided,
as recommended by Doyle et al. (2012a), since these have been found
to have elevated levels of elemental tracers. Although source error (i.e.,
contributions of tracer from unknown sources) could not be entirely
removed from our study, it was minimized by controlling food intake
and providing an encampment for the participants. It should be noted
that the tracers examined here are known to have low gastrointestinal
tract absorption rates (Calabrese et al., 1989, 1997; Doyle et al., 2012a;
Stanek and Calabrese, 1991). Finally, the uniformly high Al and Si
concentrations in the collected soils (Table 1), with low CVs of 7%
and 9%, meet the criteria established by Stanek and Calabrese (1991)
for a good quality tracer study.
Further work should focus on determining soil adherence to tradi-
tional foods, and the effect on soil ingestion rates in First Nations people
(Harper et al., 2007). The accuracy of soil ingestion rate values for First
Nations people practicing traditional, subsistence lifestyles could be
improved by examining the relationships between ingestion rate and
the frequency of speciﬁc activities; moreover, the season of the activity.Although the logistics of a study that effectively examines the relation-
ship between ingestion and activitymay prove difﬁcult, the study could
be highly focused and examine only a small number of subjects over a
shorter period of time. Such a detailed examination of ingestion rate
for First Nations' people may prove very useful for risk assessments of
remote contaminated regions or areas being considered for resource ex-
ploitation. One would expect that soil ingestion rates will be lower in
winter, but this is still speculative since all soil ingestion studies
conducted to date have been done in summer and early fall (Stanek
et al., 2011).5. Conclusions
This study is the longest continuous soil ingestion study conducted
to date, spanning 13 consecutive days. The mean soil ingestion esti-
mates obtained over the study duration were 33 mg d−1, 65 mg d−1,
and 32 mg d−1 for Al and Si, and the mean of the most reliable tracers
(Al, Ce, La, and Si) are comparable to the previous study of a First Na-
tions population by Doyle et al. (2012a), of 37 mg d−1, 49 mg d−1,
and 74 mg d−1 respectively and similar to the adult soil ingestion rate
values recommended by Health Canada and the US EPA (i.e., 20 mg
d−1 and 50 mg d−1,respectively). The hypothesis that soil ingestion is
greater for First Nations' people practicing a traditional activities associ-
ated with a subsistence lifestyle, in comparison to an urban/suburban
population is supported in the sense that the ingestion rates determined
here, particularly the 95th percentile ingestion rates, which ranged from
of 361 mg d−1 for Si, were greater than mean and 95th percentile soil
ingestion rates determined for urban or suburban adult populations
(Wilson Scientiﬁc Consulting Inc. and Meridian Environmental Inc.,
2006). Nevertheless, as noted earlier, the mean as well as the 95th per-
centile estimates are lower than Harper et al.'s (2007) prediction of soil
ingestion rates for First Nations people (i.e. 400 mg d−1).
The results of this study support the continued use of mass balance
soil ingestion methods to examine a wilderness or rural population.
Like the Doyle et al. (2012a) study, Al and Si were found to be
reliable soil ingestion tracers, along with Ce and La, which also have
low F/S ratios.
The soil ingestion rates presented here only represent rates in First
Nations' people involved in moderate soil contact activities over the
time period examined, and thus, may not be representative of other
regions, other seasons, or other activities. Although this study did not
detect a statistically signiﬁcant effect of activities on soil ingestion
rate, follow-up studies that include higher soil contact activities
(i.e., rodeo participation, root harvesting) and other seasons may be
able to detect relationships between activity/season and ingestion
rate, and thereby contribute to an improved understanding of non-
dietary, inadvertent soil ingestion in First Nations' people.Conﬂict of interest
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